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CHAPTER I. GENERAL INTRODUCTION 
INTRODUCTION 
Biologically active proteins, such a.s enzymes, while intimately involved in the 
functioning and regulation of processes in living organisms, also have a variety of common 
applications in areas such a.s pharmaceuticals, foods, and detergents. Protease-type enzymes 
are omen added to detergents to assist in the degradation of proteins in blood and grass stains. 
In 1998, the international market for industrial enzymes wa.s $1.6 billion, with approximately 
34% of these enzymes used in detergents (Seed coats as biofactories, 2002). The market for 
enzymes continues to increase each year, and this overwhelming demand has resulted in the 
need for large-scale production of these products. 
The most common method of producing large amounts of enzyme is via bacterial 
fermentation. While industrial-scale fermentation processes may generate large q uan t i t i es o f 
organisms capable of producing these enzymes, the overall production per gram of biomass 
is still relatively low (a few milligrams or less). Rather than simply continuing to increase 
fermentation volumes, much research has investigated the possibility of increasing enzyme 
production in a fixed amount of biomass. The use of genetically modified organisms has 
been studied extensively a.s a means of increasing enzyme production under specific 
fermentation conditions (~alik et al., 2001; Crabb, 1991; Flinn and Lipinsky, 1983; Junker et 
al., 2001; McConnell et al., 1986; Oh et al., 1995; Pierce et al., 1992; Yoneda, 1980; Young, 
1980). 
Though extensive genetic modifications in organisms may result in increased enzyme 
production, the overall enzyme concentration is still low relative to other components in the 
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broth, particularly in the case of complex fermentation media. Another problem is that 
enzymes are needed in a pure form for most of the common applications. For these reasons, 
the major expense in most industrial biological processing comes from the purification of the 
desired product. Since enzymes can be produced under a variety of conditions by several 
different organisms, every process has its own purification challenges. In general, enzymes 
that are produced and excreted are easier to purify since there is no need to rupture cells to 
release the product into the fermentation broth. However, extracellular enzyme purification 
is still not straightforward and much research has focused on the various methods for enzyme 
purification from industrial fermentation broths (Ajongwen et al., 1993; Bajpai et al., 1991; 
Dubin et al., 1994; Junker et al., 2001; Mukhopadhyay et al., 1990; Schulte et al., 1983; 
Zhang et al., 2000). 
Polyelectrolyte flocculation followed by centrifugation is a method that is frequently 
used as an initial purification step to remove bacteria cells from fermentation broth (Atkinson 
and Daoud, 1976; Baran, 1988; Bautista et al., 1986; Cumming et al., 1996; Hughes et al., 
1990; Hustedt and Theelen, 1989; Robinson et al., 1994; Sitkey et al., 1992). This method 
involves the addition of a charged polymer, usually cationic, to fermentation broth containing 
bacteria cells. The negative charge of the cell surface interacts with the positive charge of 
the polyelectrolyte to form large compact flocs that are easily removed from solution by 
centrifugation. 
In this specific study, research was conducted in collaboration with Genencor 
International, Inc. (Palo Alto, CA) to study cell removal from fermentation broth via 
polyelectrolyte flocculation, as well as the enzyme partitioning during the flocculation 
process. The fermentation broth studied contains a proprietary genetically-modified strain of 
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Bacillus used to produce an extracellular protease, subtilisin, which is used in detergents. 
Polyelectrolyte flocculation was conducted using a polyacrylamide-based cationic polymer to 
form large flocs that can be removed easily from solution by centrifugation. 
Flocculation behavior is commonly characterized by the use of qualitative descriptors 
of the resulting floc character after polyelectrolyte addition. For this study, optimum 
flocculation will be characterized by the qualitative descriptor "brain floc" which can be 
described as a compact cell mass that is not easily disrupted, that associates all cells in the 
broth, and results in a clear enzyme-containing supernatant. There are several problems with 
this qualitative measurement of floc character, the most significant of which being that 
perception of floc character may vary from person to person. An additional problem comes 
from the fact that fermentation broth character may vary from batch to batch. Due to the 
variability in qualitative methods, it is desired to develop a method to quantitatively describe 
floc character. 
One method that has been used for the characterization ofpolymer-particle 
interactions is zeta potential measurement (detailed discussion in following chapter), which 
provides quantitative information about the charge characteristics of the resulting aggregates. 
This method has been studied for the cases ofpolymer-protein (Chan et al., 1982; Chen and 
Berg, 1993), polymer-latex (Eisenlauer and Horn, 1985; Gregory, 1973), and polymer-cell 
(Baran, 1988) association. Since flocculation occurs between apositively-charged polymer 
and anegatively-charged bacterial cell, zeta potential should provide a measure of the degree 
of interaction, or degree of flocculation, of the Bacillus cells in fermentation broth. 
Polyelectrolyte flocculation is not a perfect separation process, and often there are 
losses of the enzyme product during flocculation. Two possible explanations for the enzyme 
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loss include physical entrapment of the enzyme in the cell floc and loss due to a direct 
interaction between the polymer and the enzyme. Since the enzyme is a high value product 
of fermentation, it is important to determine the mechanism by which enzyme is lost in the 
flocculation process. Once a reason for the loss has been determined, a method can be 
developed to minimize the loss of enzyme during flocculation. 
The primary goal of this research was to develop a more fundamental understanding 
of cell flocculation. To accomplish this goal, a systematic study of the zeta potential and its 
relationship to floc character under different flocculation conditions was conducted. The 
effect of polymer dosing conditions (polymer dosing method, polymer concentration, and 
calcium concentration) on the polymer requirement to obtain brain flocs was also examined. 
An additional goal was to determine the cause of enzyme loss in the flocculation process and 
to develop a method to minimize this loss. This research was completed by studying the 
effect of polymer dosing conditions on enzyme partitioning during flocculation. Direct 
interaction of the enzyme and polymer was investigated byhigh-speed centrifugation of 
samples containing purified samples of the two components to determine if enzyme was 
associated with the polymer (thus forming a soluble complex that could be sedimented with 
the polymer during centrifugation). The formation of insoluble complexes of enzyme and 
polymer was studied by conducting turbidimetric titrations. The pH stability of the enzyme 
under flocculation conditions was also examined to study enzyme denaturation. 
Through this characterization of flocculation behavior, it will be shown that zeta 
potential measurement can be used to determine polymer dosage requirement for optimum 
cell flocculation and separation behavior. Enzyme partitioning data from flocculation 
experiments will be used to determine the necessary polymer dosing conditions for optimum 
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product recovery in the supernatant. Inferences can be made from the zeta potential and 
enzyme partitioning data to predict and control the conditions at which optimum cell removal 
and product recovery will be obtained. The study ofenzyme-polymer interactions will result 
in suggested strategies to optimize enzyme recovery. The outcomes of this research will 
result in a better fundamental understanding of cell flocculation processes, and should allow 
for faster characterization and optimization of new flocculation processes. 
THESIS ORGANIZATION 
This thesis includes five chapters. The first chapter gives an overview of the research 
in this thesis, including information on the background and relevance of this work, and 
describes the thesis organization. Chapter 2 is a thorough literature review giving detailed 
background information about polyelectrolytes, flocculation, zeta potential, and previous 
research in the area of cell removal and protein purification from fermentation broth. 
The following two chapters are manuscripts to be submitted for publication. Chapter 
3 examines the key variables affecting polymer dosing requirements to obtain brain floc 
character (optimal for cell removal via centrifugation). It also contains a study of the use of 
zeta potential as a quantitative measure of flocculation and provides experimental evidence 
for the robustness of this characterization method. Chapter 4 analyzes enzyme partitioning 
during polyelectrolyte flocculation and includes a detailed study of methods to minimize 
enzyme loss. Each of these manuscripts reflects the efforts of four authors. My role a,s the 
primary author involved data collection and analysis, developing new ideas, and writing and 
revising the manuscripts. Dr. Meng Heng of Genencor International, Inc. supplied valuable 
background information, as well as some results she had obtained in earlier experiments. She 
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and Dr. Mark Gebert (also of Genencor International, Inc.) were involved in on-going 
discussions of research progress and the direction of the research. Dr. Charles Glatz was 
involved in all aspects of this research as my major professor and advisor. 
The final chapter of this thesis contains general conclusions that can be drawn from 
the experimental evidence and detailed suggestions for future work. References are included 
at the end of the chapter in which they are cited. 
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CHAPTER 2. LITERATURE REVIEW AND BACKGROUND 
INFORMATION 
FERMENTATION 
Fermentation (a.s used throughout this document) is a general term for the process of 
growing bacteria in a controlled aerobic environment resulting in the production of a desired 
product. Fermentation can be described by broth characteristics such as pH, conductivity, 
temperature, viscosity, and component concentrations including the carbon and nitrogen 
sources for bacterial growth. Changes in any of these variables can greatly affect the growth 
of the microorganisms (Junker, 2001). 
Industrial-scale fermentation can be used to culture large quantities of bacteria that 
produce products, such as alcohols, proteins, antibiotics, and enzymes, which can be 
recovered for a variety of uses. Fermentation products are produced either extracellularly or 
intracellularly. Extracellular enzyme production is desirable for industrial production since 
the product is excreted into the fermentation media, whereas a cell rupture operation is 
necessary to obtain intracellular products. Cell disruption produces a large amount of small 
debris material that is more difficult to remove from the fermentation broth than whole cells. 
Genetic modification of the organisms used in fermentation can greatly enhance 
product production (~alik et al., 2000; Crabb, 1991; Flinn and Lipinsky, 1983; Junker et al., 
2001; McConnell et al., 1986; Oh et al., 1995; Pierce et al., 1992; Yoneda, 1980; Young, 
1980). Genetic modification can also be used to force the cell to excrete the enzyme rather 
than retain it in the cell. Bacillus is a bacterial genus that is known for its ability to excrete 
products and is commonly used for industrial-scale fermentation processes (~alik, 2001). 
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EXTRACELLULAR ENZYME PURIFICATION 
Extracellular enzyme production is generally desirable relative to intracellular 
enzyme production, since there is no need for a cell disruption step to release the enzyme. 
This allows for whole cell removal rather than removal of cell debris and smaller particles as 
an initial purification step. There are several methods by which extracellular enzymes can be 
purified from fermentation broth, some of which include precipitation, centrifugation, 
membrane filtration, and chromatography. All of these methods have been used with varying 
levels of success. 
Precipitation is one of the most common methods for initial fermentation broth 
purification. This process can be used initially to aggregate (flocculate) bacteria cells or 
downstream (after cell and debris removal) to form protein precipitates, both of which can be 
removed from the process stream by physical separation processes. Two common methods 
of precipitation that are used in fermentation broth processing are polyelectrolyte 
precipitation (used for both cell aggregation and protein precipitation) and isoelectric 
precipitation (primarily for protein precipitation) 
Cell aggregation or protein precipitation can be induced by the addition of a 
flocculent or coagulant such as salts (Collingwood et al., 1988) and polymers (Chen and 
Berg, 1993; Chen et al., 1992; Clark and Glatz, 1987; Hill and Zadow, 1974). Flocculants 
are used to aggregate bacteria cells leaving the target protein in the liquid stream. The 
addition of these compounds to fermentation broth decreases the electrostatic repulsion 
between cells and allows them to contact and form large aggregates. In some cases, as with 
charged polymers or polyelectrolytes, the polymer is actively involved in linking the cells 
together by abridging-type mechanism. This is a common first-stage purification step in 
11 
many biotechnology processes and has gained wide-spread use. Protein precipitation 
(typically used in downstream processing after cell removal) can be induced by the addition 
of these compounds and occurs in a similar manner as cell aggregation. 
Isoelectric precipitation is also used for protein aggregation. This method exploits the 
fact that at the isoelectric point the net charge on a particle is zero, at which point the 
coagulation kinetics are most rapid. By adjusting the pH of aprotein-containing solution to 
the isoelectric point of the protein, the charge on the protein surface is minimized or 
eliminated. This allows the protein molecules to come close enough to contact and form 
precipitates that can be removed from the solution. Protein or cell aggregates formed by 
precipitation or flocculation are easily removed from the process stream by filtration, 
sedimentation or centrifugation. 
Centrifugation can be used for removal of both protein precipitates and cell flocs 
from fermentation broth. A centrifugation step usually occurs in a process after protein 
aggregation or flocculation of the cells, since in general, larger aggregates are easier to 
remove (Ambler, 1952; Datar and Rosen, 1987). Both batch and continuous-type centrifuges 
have been used, with disk-stack (Mannweiler and Hoare, 1992) and scroll decanter (Bell and 
Dunnill, 1982; Bentham et al., 1990; Johnston and Fellers, 1971) continuous centrifuges 
finding the widest applications in biotechnology applications. Much work has been done to 
characterize centrifuge operation making scale-up from bench to industrial scale relatively 
simple, particularly in the case of disk-stack centrifuges (Ambler, 1952; Maybury et al., 
1998; Maybury et al., 2000). 
After the initial cell removal steps have been completed, more specialized processes 
can be used for further protein purification (Belter et al., 1988). Membrane filtration 
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(microfiltration or ultrafiltration) has been used in many instances for the purification of 
protein from fermentation process streams. Chromatography (ion exchange or affinity) has 
also been used as a downstream method for protein purification. 
POLYELECTROLYTES 
Charged polymers, or polyelectrolytes, have applications in a variety of industries 
including water and wastewater treatment, fiber and paper manufacturing, mining, and 
biotechnology. Polyelectrolytes are typically used in the wastewater treatment industry to 
condition solids for dewatering (Claesson et al., 1994; Dixon and Zielyk, 1969; Eriksson, 
1987; Novak et al., 1988; Werle et al., 1984). Paper and fiber manufacturers use charged 
polymer materials to add strength to various paper products (Jagannadh et al., 1991). 
Polymers have a variety of applications in the mining industry as lubricants and oil extractors 
(McCarty and Olson, 1959). The biotechnology industry uses polyelectrolytes primari i}~ for 
cell flocculation and protein precipitation in fermentation broth processing (Bautista et al., 
1986; Chen and Berg, 1993; Cumming et al., 1996; Hughes et al., 1990; Hustedt and 
Theelen, 1989; Ramsden et al., 1998; Shan et al., 1996; Sitkey et al., 1992). 
Polyelectrolytes are used in a variety of industries due to the wide range of physical 
and chemical properties that are available including varying molecular weights (typically 
ranging from 103 — 10'), functional groups, charge densities, and charge distribution. 
Polyelectrolytes are primarily classified by their charge as either cationic (positive), anionic 
(negative), or amphiphilic (neutral overall, but actually containing a balanced combination of 
positive and negative charges). After molecular weight (Chen and Berg, 1993; Dixon and 
Zielyk, 1969; Eriksson, 1987; Ramsden et al., 1998; Walles, 1968) and charge type (Hustedt 
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and Theelen, 1989; Mukhopadhyay et al., 1990; Sitkey et al., 1992), the next most important 
property to consider in the selection of a polyelectrolyte for a specific application is the 
polymer charge density (Baran, 1988; Cumming et al., 1996; Eriksson, 1987; Hill and 
Zadow, 1974; Hughes et al., 1990; Mattison et al., 1998; Shan et al., 1996). The charge 
density of the polymer influences the strength of interaction with the component being 
flocculated and the extent of polymer chain expansion in solution. The molecular size of the 
polymer is also important since it determines the transport and collision properties of the 
molecule. Polyelectrolyte dosage requirements can vary significantly depending on the 
specific application, and on the polyelectrolyte properties. Other processing factors such as
pH, ion content, mixing, solids concentration, and temperature are also important factors 
influencing polyelectrolyte selection and its effectiveness (Atkinson and Daoud, 1976; Baran, 
1988; Clark and Glatz, 1987; Hustedt and Theelen, 1989; weir et al., 1993). 
Polyelectrolytes are available in a variety of forms including dry solids, gels, inverse 
emulsions, and solutions (organic or aqueous). Dry polyelectrolytes are generally supplied in 
the form of granules, flakes or beads and must be dissolved before use. Emulsions are a 
convenient form for the supply of polyelectrolytes because they are generally stable and easy 
to use since they have a lower viscosity than what would be seen with un-emulsified 
polymer. Polyelectrolytes solutions (dissolved in a variety of substances) are stable and easy 
to use because they are readily dissolvable, which can lower the overall manufacturing cost. 
Aqueous solutions of polyelectrolytes are perhaps the easiest to use in a manufacturing 
setting, biotechnology applications in particular, since they are rapidly dispersed in the 
process stream and do not contain solvents that can be damaging to bacteria cells. 
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POLYELECTROLYTE FLOCCULATION 
Flocculation can occur spontaneously by cell-cell interactions, such as in the case of 
yeast brewing (Beavan et al., 1979; Smit et al., 1992; Stratford, 1994; Strayer et al., 1994) 
and wastewater sludge treatment (Murthy and Novak, 1999), or can be facilitated by the 
addition of a coagulant (such as divalent calcium) or charged polymer. Polyelectrolytes have 
received much attention as a method to enhance cell flocculation in bacterial cell removal 
from fermentation broth (Baran, 1988; Bautista et al., 1986; Chen and Berg, 1993; Cumming 
et al., 1996; Hughes et al., 1990; Hustedt and Theelen, 1989; Ramsden et al., 1998; Robinson 
et al., 1994; Shan et al., 1996). Wastewater treatment. (Christensen et al., 1993; Claesson et 
al., 1994; Dixon and Zielyk, 1969; Eriksson, 1987; Novak et al., 1988; Werle et al., 1984), 
paper manufacturing (Jagannadh et al., 1991) and mining (McCarty and Olson, 1959) 
industries also use polyelectrolytes for clarification and purification of process streams. Both 
cationic and anionic polyelectrolytes can be used in biotechnology applications but more 
often a positively charged polymer is used to facilitate the removal ofnegatively-charged 
bacteria cells. Some typical polyelectrolytes that have been used on an industrial scale for 
this purpose include polyethyleneimine, polyacrylic acid, and polyacrylamide copolymers. 
There are several events that must take place before flocculation can occur. First, the 
particles must be destabilized (usually by the addition of a polyelectrolyte or a salt such a~s 
calcium chloride) to allow them to approach each other close enough to collide. After the 
solution has been destabilized, hydrodynamics and collisions between particles become 
important. Collisions are controlled by the distance of closest approach for the particles 
which depends on the particle size, the mechanical energy input, solution viscosity, particle 
roughness, particle interaction forces, and other species adsorbed to the particle surface. A 
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`sticking factor' or probability that the collision will result in an aggregate, also influences 
the degree of flocculation (Hogg, 1984). Shear forces that break the flocs apart are also 
important to consider. Adequate mixing during flocculation is crucial to ensure adequate 
contact of the cells to allow flocculation but must be carefully controlled so already-formed 
flocs are not disrupted (Chen et al., 1992; Gregory, 1988; Keys and Hogg, 1979; Novak et 
al., 1988; Werle et al., 1984). 
The terms flocculation, coagulation, and aggregation are sometimes used 
interchangeably, however, our meaning for flocculation will be the formation cell-polymer 
aggregates, or flocs, that can readily be separated from the surrounding solution. More 
specifically, bacteria cells in fermentation broth are flocculated with a cationic 
polyacrylamide-based polymer to facilitate their removal in a by centrifugation. 
Factors affecting flocculation 
There are several factors that influence the flocculation behavior of a process stream 
such a.s fermentation broth. Changes in broth pH (Baran, 1988), ionic strength (Claesson et 
al., 1994; Hustedt and Theelen, 1989), composition (Weir et al., 1993) and temperature can 
all influence the. degree of flocculation. Polyelectrolyte parameters such as molecular weight 
(Ramsden et al., 1988; Walles, 1968), solids concentration, charge density (Claesson et al., 
1994; Cumming et al., 1996; Hill and Zadow, 1974; Hughes et al., 1990; Shan et al., 1996) 
and pH also can influence flocculation, as well as the polymer to broth dosage ratio (Chen 
and Berg, 1993). The total polymer dosage requirement to attain the desired degree of 
flocculation can vary widely depending on all of these parameters, with even slight variations 
causing drastic changes in flocculation behavior and efficiency. Flocculation behavior is 
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important because floc character directly influences the separation behavior of the cell floc 
from the process stream, which is usually either by filtration (Bentham et al., 1988; 
Frenander and Jonsson, 1996; Hanisch, 1986) or centrifugation (Bentham et al., 1990). Large 
dense flocs are typically desired for cell removal by sedimentation or centrifugation, while 
small dense flocs are better for filtration. Determining the conditions for optimum 
flocculation and floc removal for a specific application can be a very difficult task. 
Flocculation mechanisms 
In order for flocculation to occur, the repulsive forces separating same-charged 
particles in solution have to be overcome, allowing the particles to aggregate together to form 
flocs. Many forces influence flocculation including van der Waals forces, electric double 
layer repulsion, steric repulsion or attraction, and hydrodynamic forces. 
The method by which polyelectrolytes act to overcome repulsive forces to flocculate 
occurs by different mechanisms depending on the flocculating agent that is used. One 
example of a flocculation mechanism is double layer compression, which occurs when 
polyelectrolytes or multivalent salts are added. Compression of the double layer allows 
particles to come into contact allowing for flocculation (Atkinson and Daoud, 1976). 
Enmeshment or `sweep' flocculation generally occurs with alum and iron salt addition that 
results in the generation of large hydrous oxide colloids (Amirtharaj ah and Mills, 1982; 
Bache et al., 1999; Black, 1967; Collingwood, 1988). Charge neutralization occurs if the 
fermentation broth or other process stream to be flocculated is brought to the point of zero 
charge, or isoelectric point, at which point electrostatic repulsion between particles is 
minimized and flocculation can occur (Chan et al., 1982; Kitchener, 1972; Walles, 1968). 
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Patch flocculation is attributed to an uneven distribution of charge on particles in solution. 
For both the charge neutralization and patch mechanisms, optimum flocculation usually 
occurs when the zeta potential equals zero (Chen et al., 1992; Claesson et al., 1994; Mattison 
et al., 1998; Novak et al., 1988). Bridging occurs when a single polymer chain is adsorbed 
onto more than one particle. This mechanism is most common in polyelectrolyte 
flocculation with high molecular weight polymers (Biggs et al., 2000; Chen et al., 1992; 
Cumming et al., 1996; Healy, 1961; Pelssers et al., 1989). 
Mixing 
A small amount of flocculation will occur due to Brownian motion, or random 
particle movement in the broth due to thermal energy (perikinetic flocculation), even if there 
is no mixing accompanying the chemical conditions providing for flocculation. . More 
significant (orthokinetic) flocculation is brought about by mixing in the system either by 
shear, turbulent flow, or particle settling. Mixing is essential to bring the polymer and cells 
into contact to initiate flocculation. 
The method of mixing of the polymer and fermentation broth can have a drastic effect 
on the rate and degree of flocculation, as well as on the resulting floc character (Abu-Orf and 
Dentel, 1999; Amirtharajah and Mills, 1982; Chen and Berg, 1993; Clark and Glatz, 1987; 
Cumming et al., 1996; Gregory, 1976; Keys and Hogg, 1979; Novak et al., 1988; werle et 
al., 1984). Slow addition of polymer or the addition of a more dilute polymer solution can 
give great improvement in flocculation. In some cases, rapid mixing of the polymer and broth 
are necessary to ensure good dispersion of the polymer in the system. However, if mixing is 
too rapid or not controlled properly, it can have a negative effect by disrupting the flocs that 
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have already been formed (Bell and Brunner, 1983; Bell and Dunhill, 1982; Gregory, 1988; 
Keys and Hogg, 1979). The exact mixing conditions necessary for optimum flocculation 
vary widely depending on the characteristics of the material being flocculated. 
Floc character descriptions 
One method of describing flocculation behavior is based on qualitative floc 
descriptors. For this research, it is determined that the optimum polymer dose has been 
achieved when polyelectrolyte flocculation results in a "brain floc." Flocs of this character 
result in optimal solids removal via centrifugation. These flocs can best be described a.s a 
compact, relatively dense cell mass with minimal small flocs or cells in the clear supernatant. 
This floc can not easily be disrupted as it is slightly rubbery or elastic, and has an appearance 
resembling brain matter. Underdosing occurs if not enough polymer is added to the 
fermentation broth to achieve brain floc character. "Pin floc" character typically results from 
polymer underdosing, and can be described as small pin-head or smaller size flocs in a 
cloudy supernatant. "String flocs," or long filamentous-type flocs in a cloudy supernatant 
can also be associated with polymer underdosing. Polymer addition in amounts greater that 
that required to produce a brain floc results in overdosing conditions. In this case the 
fermentation broth remains cloudy and cells are not able to flocculate well resulting in "string 
flocs" similar to those seen at underdosing polymer conditions. 
Polyelectrolyte Flocculation Process Description 
Flocculation in the fermentation system under investigation in the current study 
occurs by the addition of a cationic polyelectrolyte to a Bacillus broth (gram-positive 
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bacteria). The polymer used is uncharged at a pH of 10 and becomes increasingly positively-
charged when the pH is decreased below 8.0. During the flocculation process, polymer at pH 
10 is contacted with broth at pH 5.6 resulting in a solid cell floc and clear supernatant with a 
final pH of approximately 7.0 (see Figure 2.1 for schematic). Fermentation broth is a 
complex media containing soy, glucose and salts. Calcium salt present in the broth could 
have a charge neutralization role (Belter et al., 1988) and its concentration, as well as that of 
other broth components, is affected by the concentration at which the polymer is added since 
the broth is diluted by polymer addition. In a typical plant process the cell-polymer floc is 
then removed by centrifugation with the enzyme retained in the supernatant. 
+ + 











Qualitative floc descriptors such as those described above are commonly used to 
characterize flocculation behavior. Since this evaluation can vary from person to person or 
even between batches of fermentation broth, it is desired to have a more quantitative 
evaluation for flocculation performance. Many different measurements such a.s capillary 
suction time (Abu-Orf and Dentel, 1999; Christensen et al., 1993; Eriksson, 1987), particle 
counting or particle size distribution determination (Bache et al., 1999; Biggs et al., 2000; 
Claesson et al., 1994; Eriksson, 1987; Pelssers et al., 1989; Werle et al., 1984), and 
supernatant clarity or settling time (Bautista et al., 1986; Cumming et al., 1996; Eriksson, 
1987; Keys and Hogg, 1979) have been used to quantify flocculation in an industrial setting 
with variable success. 
Polyelectrolyte flocculation occurs due to the interaction of the positive charge of the 
polymer and the negative charge of the bacterial cell. Since flocculation is a result of a 
charge effect, a measurement of the charge character of the system should provide 
information about the degree interaction of charged species in the system. One method of 
measuring the charge associated with a particle (aggregate or floc) in solution is to measure 
its electrophoretic mobility or zeta potential (Baran, 1988; Beavan, et al., 1979; Black, 1967; 
Chan et al., 1982; Chen and Berg, 1993; Dixon and Zielyk, 1969; Smit et al., 1992). This 
measurement is based on the fact that particles are generally charged in water. This charge 
can be effected by ionization of surface groups, preferential adsorption of potential 
determining ions, dissolution of ions from the surface, or the adsorption of polyelectrolytes. 
In the case examined here, the cells are charged as a result of the dissociation of acidic 
21 
groups on the cell surface. The magnitude of this surface charge is then decreased by the 
adsorption of polyelectrolyte. 
Chazged particles have a cloud of counterions organized around them into an 
electrical double layer. Charge on the particle surface produces a difference in electrical 
potential between the surface of each colloid and the bulk of the suspending solution. This 
difference in potential is known as the zeta potential, and is a measure of the apparent charge 
of the cell at the shear plane (located somewhere between the Stern and the diffuse layers) 
dividing the bulk fluid from the cell and entrained fluid (Hidalgo-Alvarez, 1991; Hidalgo- 
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Figure 2.2: Potential profile in region of a charged surface 
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The zeta potential of a particle or colloid can be calculated from the electrophoretic 
mobility, which is a measure of the speed of the particle as a result of an applied electrical 
field. More precisely, the electrophoretic mobility is defined as the colloid velocity (µm/s) 
divided by the voltage field strength (V/cm). The electrophoretic mobility of a particle is 
independent of specific test conditions, and does not vary with the method of particle 
tracking for velocity determination or with the applied voltage. The zeta potential (~ in mV), 
or apparent charge of the particle, can be estimated from the electrophoretic mobility (M) via 
the Smoluchowski equation (Equation 1). In this equation, µ is the sample viscosity, and De
is the sample dielectric constant. 
~"(mV)=113000xD xM (~) 
The ZetaMeter used to measure the zeta potential in these experiments automatically 
calculates the zeta potential from the electrophoretic mobility data via the Smoluchowski 
equation using the assumption that µ and De are that of deionized water (which is a valid 
assumption in the case of the experiments described here since samples were prepared by 
dilution with deionized water). If working with nonaqueous samples, the zeta potential 
would need to be calculated independently from electrophoretic mobility data (Zeta-Meter 
Operating Manual). 
Zeta potential measurements are made using microelectrophoresis. A sample is 
placed in an electrophoresis cell, a voltage is applied, and the velocity of a particle in the 
electric field (cm/s per voldcm) is measured. Electrically charged particles will through the 
capillary move toward the oppositely charged electrode when a voltage is applied to the 
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sample (Zeta-Meter Operating Manual). A schematic diagram of the electrophoresis cell 
used for measurement is shown in Figure 2.3. 
Theoretically, if the charge on a cell is completely neutralized by polyelectrolyte, the 
zeta potential will be equal to zero. Different floc characters (as described above) should 
have different degrees of interaction of polyelectrolyte with the cell surface, and therefore 
should have a different zeta potential value. The magnitude of the zeta potential should be an 
indication of the degree of interaction between cells and polyelectrolyte, and would in turn 
determine the extent of flocculation. 
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Figure 2.3: Diagram of measurement cell for determination of zeta potential 
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ABSTRACT 
Characterization of flocculation for cell removal from fermentation broth via 
polyelectrolyte addition is commonly based on qualitative methods such as physical 
appearance of the floc. The use of zeta potential as a quantitative measure of floc character 
was evaluated as an indicator of optimal polymer addition. Zeta potential was found to 
increase with increasing cationic polyelectrolyte dosage, but never reached zero regardless of 
total amount of polymer added, indicating flocculation occurs at least partially through a 
bridging type mechanism. Experiments were conducted using various polymer 
concentrations (25-75g/L) and dosing methods (batch, incremental and continuous addition) 
that resulted in variable overall polymer requirements to achieve optimum flocculation. Zeta 
potential was found to be constant at optimal floc character regardless of the total amount of 
polymer added, polymer concentration, or method of polymer addition. Experiments with 
two additional types of fermentation broth also showed characteristic zeta potentials for 
optimal flocculation. Polymer requirements to achieve a particulaz floc character can vary 
greatly depending on polymer dosing conditions and fermentation batch. The effect of 
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polymer dosing conditions on the polymer requirement to obtain optimal floc character was 
evaluated. Polymer dosing method and calcium concentration were both found to have a 
significant effect (p < 0.0001) with continuous polymer addition and high calcium 
concentration requiring less polymer than did batch polymer addition and low calcium 
concentration. respecitvely. Polymer dosing concentration did not significantly affect 
polymer requirement for optimal flocculation. 
Keywords: polyelectrolyte flocculation, zeta potential, floc character description, cell 
removal, enzyme purification, polymer dosing requirements 
INTRODUCTION 
Polyelectrolyte flocculation is commonly used for the flocculation of bacterial cells 
prior to clarification of fermentation broths by filtration or centrifugation. Cell removal is 
essential to downstream processing for the recovery of extracellular proteins, as a good cell 
removal step can make downstream processing and purification steps much simpler. Much 
research has been conducted studying the effects of processing conditions such as pH (Baran, 
1988; Bautista et al., 1986; Hughes et al., 1990; Robinson et al., 1994), polymer charge 
density (Baran, 1988; Cumming et al., 1996; Erikson, 1987; Hughes et al., 1990; Robinson 
et al., 1994; Shan et al., 1996), polymer mixing (Cumming et al., 1996; Robinson et al., 
1994), polymer molecular weight (Cumming et al., 1996; Erikson, 1987; Walles, 1968), and 
presence of salts (Hughes et al., 1990; Hustedt and Theelen, 1989) on the ~ flocculation 
behavior of cells in fermentation systems. Polymer requirements for optimal flocculation can 
vary widely with changes in these polymer dosing conditions. 
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In this study, the effect of dosing conditions (concentration, dosing method, and 
calcium concentration) on the polyelectrolyte flocculation of a Bacillus fermentation broth 
were examined. During the flocculation process, a cationic polyacrylamide-based polymer at 
pH 10 (neutral at this pH but increasingly positive as pH is decreased below 8.0) is contacted 
with broth at pH S .6 resulting in a cell floc and clear enzyme-containing supernatant with a 
final pH of approximately 7.0. Given the high molecular weight of the polymer used (MW 
ca. 6 x 106, mean square end to end distance of chain approx. 36 µm at pH 7 vs. cells r ~ 2 
µm for random coil expansion factor of 3 a.s estimated from Sun, 1994), flocculation could be 
expected to occur through abridging-type mechanism (Kitchener, 1972). The particular 
broth being studied here is a complex media with a high salt concentration. These salts, Cat+
in particular, could play a charge neutralization role (Belter et al., 1988) and their 
concentration, as well as that of other broth components, is affected by the concentration at 
which the polymer is added since the broth is diluted by polymer addition. 
In some cases, qualitative descriptors of floc character such as `brain floc' or `pin 
floc' are used to describe polyelectrolyte flocculation behavior. Often times these qualitative 
descriptors are too vague for process control. Changes in floc character that are not visually 
noticeable may cause drastic changes in separation behavior. Methods such as the 
measurement of floc sedimentation rate (Bautista et al., 1986; Eriksson, 1987; Hustedt and 
Theelen, 1989), particle size distribution (Eriksson, 1987), and supernatant clarity (Cumming 
et al., 1996) have been used to quantify flocculation with varied success. 
Since interactions between two oppositely charged species are responsible for cell 
flocculation, zeta potential measurement may provide a quantitative method of characterizing 
the extent of interaction that would be more discriminating than ualitative floe descri tors. q p 
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This method has been used with varied levels of success for to characterize polymer-particle 
interactions during protein precipitation (Chen and Berg, 1993; Clark and Glatz, 1987) and 
cell flocculation (Baran, 1988; Chatellier et al., 2001; Dixon and Zielyk, 1969; Eriksson, 
1987; Treweek and Morgan, 1977). in the experiments of Baran (1988), optimum cell 
flocculation was found to occur at a zeta potential of zero indicating that flocculation 
occurred primarily via a charge neutralization mechanism. 
This article presents a study of the feasibility of using zeta potential as a quantitative 
measurement of floc character. The effects of polyelectrolyte dosage, dosing method, and 
concentration on the zeta potential of flocs from three different fermentation broths were 
studied to determine if zeta potential measurement could be used as a method of predicting 
flocculation. In addition, a study was conducted to examine the effect of polymer dosing 
method, dosing concentration and ionic strength on the polymer dosage requirement to obtain 
optimal flocculation. 
MATERIALS AND METHODS 
Materials 
fermentation broth Fermentation broth (complex growth media containing mixture 
of soy, glucose and salts) was kindly supplied by Genencor International, Inc. (Cedar Rapids, 
IA). Three products were studied, each of which are subtilisin mutants (A, B, and C) 
expressed and excreted by Bacillus strains. Samples, obtained at broth harvesting, were kept 
cold (4°C) and used within two days of harvest to eliminate effects due to broth aging. The 
pH of all broth samples was adjusted to 5.6 by addition of formic acid prior to flocculation. 
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Polyelectrolyte The polyelectrolyte (E 160, PolyDyne, Inc., Riceboro, GA) used in 
this flocculation study is a cationic polyacrylamide-based polymer containing a tertiary 
amine active ou E 160 MW ca. 6 x 106 was su lied in `neat' form i.e. as a 6% solids ~' p ( ) pp 
concentration in water at pH 10. This polymer is negligibly charged at pH 10, and is 
increasingly cationic as the pH is decreased below 8.0 (see Table 3.1, as determined by 
titration with formic acid). 
Methods 
Polymer Preparation All polymer solutions for use in flocculation experiments were 
prepared by dilution of the `neat' E 160 with deionized water to the desired concentration. 
Diluted polymer solutions were mixed for a minimum of 1 hour to ensure even distribution 
of the polymer. All polymer concentrations are reported as grams of `neat' polymer per liter 
of solution, and polymer dosages are reported as grams of `neat' polymer per liter of 
fermentation broth. Fermentation broth components are diluted by polymer addition during 
flocculation, but may play a role in the flocculation process, especially in the case of divalent 
salts .such as calcium chloride. To eliminate the effect of calcium dilution, some of the 
Table 3.1: Variation in charge character of E 160 with pH 
E160 







flocculation experiments were conducted in which the calcium concentration of the polymer 
was adjusted by the addition of calcium chloride to a conductivity of 15000 µmhos/cm (to 
match the conductivity of the fermentation broth, approx. 0.1 M CaCl2). These results will be 
referred to as ̀ high calcium concentration' flocculation experiments. No calcium chloride 
was added to the polymer for `low calcium concentration' experiments. 
Flocculation Flocculation was induced by the addition of cationic polyelectrolyte 
E160 (initial pH 10.0) to fermentation broth (initial pH 5.6) in SOmL centrifuge tubes (Cole 
Parmer, Vernon Hills, IL) resulting in a final floc and supernatant with pH 7.0 +/- 0.2. 
Flocculations were conducted on three types of broth (subtilisin mutants A, B and C) with the 
polymer added at concentrations ranging from 25-75g/L by several polymer addition 
methods. Stepwise polymer addition was conducted by adding polymer in equal incremental 
amounts to fermentation broth. After each polymer addition, the centrifuge tube was capped 
and inverted repeatedly until flocculation was complete as judged by unchanging floc 
consistency. In the case of 1 step polymer addition, this was approximately 25 tube 
inversions. For incremental addition (2 steps, 3 steps, etc.) approximately 10-15 inversions 
were necessary after each polymer addition. Continuous flocculation was conducted by 
adding polymer drop-wise to fermentation broth while stirring continuously with a stir bar in 
a 30mL beaker. Polymer was added until the desired floc character was attained and the total 
amount of polymer added was recorded. 
Zeta potential Zeta potential measurements were made using the ZetaMeter 3.0 with 
a Type II-ETNA electrophoresis cell (cell Kfactor = 72V; Zeta-Meter, Inc., New York, NY). 
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Samples were prepared by diluting approximately 1 g of the floc sample by 1000-2000x with 
distilled water, resulting in a conductivity of 20-200 µmhos/cm. Experiments were 
conducted to show that zeta potential measurements were constant over this conductivity 
range (data shown in Figure 3.1). Floc samples for zeta potential measurement were taken 
from an uncentrifuged sample. Results for this sampling method were compared to sampling 
from the supernatant and cell pellet of a centrifuged sample (3500 RPM for 15 minutes) and 
it was found that sampling method did not effect the zeta potential result (see Figure 3.2). 
The diluted floc sample was loaded into the measurement cell and allowed to sit for 5 
minutes prior to zeta potential measurement to eliminate fluid convection. Zeta potential 
measurements reported are an average of 20 individual measurements made of triplicate 
samples at 150V. Once the voltage source was turned on, measurements were made as
quickly as possible to avoid thermal overturn of the sample. 
RESULTS AND DISCUSSION 
Flocculation 
Qualitative floc description 
Qualitative descriptors for floc character are defined as follows. Brain flocs, 
considered optimal due to their complete removal via centrifugation, are compact, relatively 
dense cell masses with minimal small flocs or cells in the clear supernatant. This floc is not 
easily disrupted as it is slightly rubbery or elastic and has an appearance resembling brain 
matter. Adding less polymer than required for achieving brain floc character (i.e. 
underdosing), results in flocs of two possible characters. "Pin flocs" are small pin-head or 
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Figure 3.1: 
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Effect of conductivity on zeta potential measurements [O, sample dilution 
with distilled water; ~, sample dilution with 0.1 M sodium chloride; Pooled 
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Figure 3.2: Effect of floc sample preparation on zeta potential measurement [o, 
Uncentrifuged floc sample; O, Centrifugation cell pellet; o, Centrifugation 
supernatant; Pooled estimate of 95%confidence interval ~.365mV] 
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cloudy supernatant. Overdosing polymer conditions result when polymer in excess of that 
required to produce a brain floc is added to the fermentation broth. At overdosing polymer 
conditions the broth remains cloudy and cells are not able to flocculate well resulting in 
"string flocs"similar to those seen at underdosing polymer conditions. These qualitative floc 
descriptors are subjective but commonly used. 
Effect of polymer dosing on polymer requirement for optimum flocculation 
A factorial experiment was conducted with subtilisin mutant A fermentation broth to 
examine the effects of polymer dosing method, polymer dosing concentration and calcium 
concentration on the total amount of polymer required to obtain brain flocs (optimum 
flocculation behavior). Results are shown in Table 3.2. Analysis of variance was conducted 
using JMP statistical software and results are shown in Table 3.3. A further summary of 
significant effects is shown in Table 3.4 (average of results in Table 3.2) 
Polymer dosing method and calcium concentration (as well as the effect of the 
interaction of these two variables) had a significant effect (Table 3.3) on the amount of 
polymer required to obtain optimum floc character (p < 0.0001). Broth batch variability, was 
also found to be significant by the statistical analysis (though considerably less so than 
dosing method and calcium concentration), but this effect will not be examined in detail here, 
as it could not be controlled. Variability in fermentation broth batch is expected due to 
uncontrolled differences in biological growth including the total amount of biomass produced 
and the concentration of other molecules excreted by the bacteria into the fermentation broth. 
JMP statistical analysis allows for blocking of fermentation batch as a variable, and polymer 
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Table 3.2: Polymer dosing requirements to obtain brain flocs for various polymer dosing 
methods, dosing concentrations, and calcium concentrations for 4 batches of subtilisin 
Mutant A fermentation broth 
Polymer 
Concentration Conductivity Amount of Polymer Added (g 'neat' poly/L broth) 
Dosing Method g/L Catergory Broth Batch 1 Broth Batch 2 Broth Batch 3 Broth Batch 4 
1 mL Increments 25 high 35 32.5 32.5 32.5 
1 mL Increments 50 high 40 30 35 40 
1 mL Increments 75 high 45 37.5 37.5 33.75 
1 mL Increments 25 low 57.5 55 40 60 
1 mL Increments 50 low 60 55 40 65 
1 mL Increments 75 low 52.5 52.5 60 60 
3 steps 25 high 45 37.5 30 45 
3 steps 50 high 45 40 35 45 
3 steps 75 high 45 45 48.75 45 
3 steps 25 low 80 75 56.25 90 
3 steps 50 low 80 80 60 90 
3 steps 75 low 97.5 67.5 67.5 90 
1 step 25 high 60 55 47.5 55 
1 step 50 high 65 65 45 70 
1 step 75 high 67.5 60 45 67.5 
1 step 25 low 125 115 130 130 
1 step 50 low 125 115 90 120 
1 step 75 low 123.75 120 97.5 127 5 
Table 3.3: Analysis of variance of polymer requirements for optimal cell flocculation 
[ANOVA for results shown in Table 3.2] 
Effect 
Degrees of Freedom 





Batch x Method 
Batch x Poly Conc 
Batch x Calcium Conc 
Method x Poly Conc 
Method x Calcium Conc 











2558.50 18.94 <0.0001 
22965.75 255.08 <0.0001 
123.56 1.37 0.26 
26068.05 579.09 <0.0001 
318.96 1.18 0.34 
215.84 0.79 0.57 
372.05 2.75 0.05 
126.30 0.70 0.59 
5055.25 56.15 <0.0001 
157.59 1.75 0.18 
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Table 3.4: Average polymer dosing requirement for optimum flocculation 
[Average values for four fermentation broth batches for data shown in Table 3.2 assuming no 
higher order interactions] 





Low Calcium Polymer 
54.8 +/- 7.8 
77.8 +/- 13.0 
118.2 +/- 12.6 
High Calcium Polymer 
35.9 +/- 4.2 
42.2 +/- 5.4 
58.5 +/- 9.0 
dosing method and calcium concentration were found to significantly influence polymer 
requirement to obtain brain flocs regardless of the broth batch. 
Average polymer dosing requirements for all four batches of fermentation broth for 
the conditions found to be significant are shown in Table 3.4. If polymer is added in more 
steps (or closer to continuous addition) the polymer requirement for optimum flocculation is 
decreased significantly (over 50% in the case of low calcium polymer). Decreased polymer 
requirements for continuous polymer addition have also been reported for latex particle 
flocculations (Gregory, 1976), protein precipitation (Clark and Glatz, 1987), and cell 
flocculation (Cumming et al., 1996; Robinson et al., 1994). Slow continuous addition allows 
for a more even distribution of the polymer, whereas rapid addition (relative to polymer 
dispersal in the fermentation broth) results in localized excess of polymer leading to higher 
than necessary polymer:cell stoichiometry. 
Since the calcium concentration, as well as the concentration of other broth 
components, is decreased due to dilution by polymer addition, experiments were conducted 
in which the calcium concentration of the polymer was adjusted to O.1M so that the total 
conductivity before and after flocculation did not change. This is particularly important to 
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consider since calcium chloride has been shown to have a flocculating effect in some cases 
(Belter et al., 1988). Polymer requirements for optimal flocculation were greatly affected by 
the calcium concentration of the polymer (Table 3.4). Flocculations at high calcium 
concentration resulted in nearly a 50% decrease in polymer requirement to obtain brain flocs 
(optimum flocculation). This is contrary to what would be expected from an ionic strength 
effect, whereby the increase in salt concentration would shield the electrostatic interaction of 
polymer and cell. In this case, it is likely that the calcium actually enhances flocculation by 
acting as an additional charge-neutralizing flocculant for the Bacillus cells. 
The statistical analysis was repeated considering only the experiments in which high 
calcium concentration polymer was used for flocculation. Results are shown in Table 3.5. 
The purpose of this analysis was to minimize any effects seen due to dilution of the 
fermentation broth components. As can be seen from the results in Table 3.5, fermentation 
batch and polymer dosing method both have a significant effect on the polymer requirement 
to obtain a brain floc (as well as the interaction effect between fermentation batch and dosing 
method). However, in this analysis, it can be seen that the polymer concentration also effects 
Table 3.5: Analysis of variance of polymer requirements for optimal cell flocculation 
with high calcium concentration polymer [ANOVA for results shown in Table 3.2] 
Degrees of Freedom 




Batch x Method 
Batch x Poly Conc 



















the total polymer requirement to obtain brain flocs. A summary of the effect of polymer 
concentration for calcium-containing E 160 on dosing requirement to obtain brain floc 
character is shown in Table 3.6. As can be seen from the data in this table, the polymer 
requirement increases as the polymer concentration increases. In this analysis, the 
assumption has been made that there is no effect due to dilution of the fermentation broth or 
its components, calcium concentration in particular. This result is what would be expected in 
a study of only the effect of polymer concentration on dosing requirement. As the polymer is 
added in more concentrated form, it is more difficult to disperse evenly throughout the 
fermentation broth. This would result in higher dosing requirements to obtain the same 
degree of flocculation. However, this result also indicates that dilution of broth components 
does not play as big a role in polymer dosing requirement. If broth component dilution v~~ere 
a significant effect, a higher polymer dose requirement would have been expected for the 
ZSg/L E160 since its addition would result in the most dilution. This is further indication that 
the calcium chloride added to the polymer in these experiments has a flocculating effect on 
the bacteria cells. 
Table 3.6: Average polymer dosing requirement for optimum flocculation with high calcium 
concentration polymer and various polymer concentrations [Average values for four 
fermentation broth batches for data shown in Table 3.2 assuming no higher order 
interactions] 
Polymer Concentration Brain Floc Dosing 





Polymer requirements to obtain brain floc character can be minimized by continuous 
addition of the polymer and increasing the calcium concentration. Polymer concentration 
also plays a role in flocculation behavior, but its effect is small relative to that of calcium 
concentration and dosing method. Because of cell growth variability, polymer requirement 
also varies with fermentation batch. Unfortunately, specification of polymer:broth 
stoichiometry is not sufficient to provide dosage requirements for optimal flocculation 
performance because of the wide variation in polymer requirement with broth batch, polymer 
dosing method, and calcium concentration. Anew method is therefore necessary. 
Zeta Potential 
Effect of polymer dosing 
Typical results for three sets of experiments showing the change in zeta potential for 
increasing polymer dosage (1 step batch addition) to a fixed amount of subtilisin mutant A 
fermentation broth are shown in Figure 3.3. Zeta potential values for subtilisin mutant A 
fermentation broth ranged from —29 mV for polymer-free broth to —20 mV at polymer 
overdosing conditions. As expected for a system with two oppositely charged components, 
there was a general increase in zeta potential with increasing polymer dosage resulting from a 
partial neutralization of the negative charge of the bacterial cell surface. It should also be 
noted that the zeta potential value did not reach zero. This indicates that flocculation did not 
occur strictly by a charge neutralization mechanism and that significant polymer bridging 
must occur. This is expected behavior for very high molecular weight polymers such as











































20 40 60 80 100 120 140 160 
Amount of Polymer Added (g 'neat polymer/L broth) 
Typical dependence of zeta potential value on total amount of polymer added 
in flocculation for three batches of subtilisin mutant A fermentation broth 
[Each symbol represents results from a particular batch of broth; •, ~ , ♦ ,zeta 
potential result at optimum polymer dosage; Pooled estimate of 95% 
confidence interval O.15mV] 
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Figure 3.3 also shows that brain floc character was obtained over a wide range of 
polymer dose, but a relatively narrow zeta potential range. Zeta potential values obtained at 
optimal polymer dosage for a variety of polymer concentrations and dosing methods during 
flocculation of several batches of subtilisin mutant A broth are shown in Table 3.7. Total 
polymer requirement to obtain brain floc character vaned widely (90 —136 g ̀ neat' 
polymer/L broth) over this set of experiments. Previous experiments conducted by Baran 
with polymers of molecular weight one order of magnitude small than the E 160 used in these 
experiments (1988) showed that optimal flocculation occurred when the zeta potential 
reached zero. However, in the case of these experiments the characteristic zeta potential 
(-21.34 +/- 0.27 mV) associated with optimal brain floc character (complete cell removal via 
centrifugation) was not zero, further indicating that a bridging mechanism is involved in this 
Table 3.7: Zeta potential value at brain floc polymer dosage for several polymer dosing 
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flocculation process. Optimum flocculation at a zeta potential this removed from zero is 
uncharacteristic of typical flocculating systems (Baran, 1988). Note that this characteristic 
zeta potential value wa.s obtained with measurement of the brain floc regardless of the total 
polymer requirement or the method by which the polymer was added. The zeta potential of a 
brain floc was independent of the total amount of polymer added to the fermentation broth, 
the concentration at which the polymer was added, and the fermentation batch. Hence, zeta 
potential measurement is a possible direct consistent indicator of optimal flocculation 
conditions. 
Other broth types 
The flocculation and zeta potential behavior for two additional fermentation products 
(subtilisin mutant B and subtilisin mutant C) are shown in Figure 3.4. These broths differed 
slightly in broth component concentrations and in the Bacillus strain used to produce 
subtilisin mutants. As was seen with the subtilisin mutant A (which is included in Figure 3.4 
for easy reference), there was a general increase in zeta potential value with increasing 
polymer dosage for subtilisin mutant B and subtilisin mutant C. The zeta potential never 
reached zero, again indicating that the mechanism of flocculation was bridging or a 
combination of charge neutralization and bridging. 
Zeta potential values obtained at brain floc polymer dosage for a variety of polymer 
dosing methods for subtilisin mutant B and subtilisin mutant C are shown in Table 3.8. 
Again there was a distinct zeta potential at brain floc dosage regardless of the method of 
polymer addition, as was seen with subtilisin mutant A broth. However, the magnitude of 
this representative zeta potential at optimum polymer dosage varied slightly between the 
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Amount of Polymer Added (g 'neat polymer/L broth) 
Figure 3.4: Typical dependence of zeta potential value on total amount of polymer added 
in flocculation for 3 Bacillus strains [ 1 step polymer addition; O, subtilisin 
mutant A broth (reference, average of results from Figure 3.3); ~, subtilisin 
mutant B broth; 0 subtilisin mutant C broth; •, ~ , ♦ ,zeta potential result at 
brain floc polymer dosage; Pooled estimate of 95%confidence interval 
0.17mV] 
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Table 3.8: Zeta potential behavior and effect of polymer dosing method on zeta potential 
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types of fermentation broth. The characteristic zeta potentials at optimum brain floc polymer 
dosage were —21.3 mV for subtilisin mutant A, -21.8 mV for subtilisin mutant Band —24.2 
mV for subtilisin mutant C. This was found to be significant at the 99. ~% level (2 tailed t-
test comparison of mutant A and B; comparison of mutant C with A or B was >99.999%). 
CONCLUSIONS 
The polymer requirement to obtain optimal flocculation behavior was significantly 
affected by process variations. The method by which the polymer was added to the 
fermentation broth and the calcium concentration were shown to have the most significant 
effects. Polymer requirement was also found to vary with fermentation batch and to a lesser 
extent the polymer concentration when the total amount of dilution of ionic strength 
components was held. constant. Because of these wide variations with processing conditions, 
flocculation can not be operated robustly by fixing polymer dosage. 
However, a characteristic zeta potential value was representative of optimum 
flocculation conditions for three different fermentation broth systems. This characteristic 
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value was independent of polymer dosage, polymer concentration, and polymer dosing 
method, and only varied with broth type. The standard zeta potential values that have been 
obtained could be used as a method of process control to ensure optimal flocculation even 
when other process conditions might vary. 
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ABSTRACT 
The effectiveness of polyelectrolyte addition to fermentation broth for cell 
flocculation without extracellular enzyme loss was studied. Partitioning of the enzyme 
subtilisin between the liquid and the sedimented Bacillus floc was the focus. Enzyme 
partitioning to the floc increased as the polymer dosage was increased beyond that necessary 
to obtain optimum floc character (brain floc) for cell removal by centrifugation. Partitioning 
to the cell floc at high polymer dosages was determined to be at least partially a result of a 
direct interaction between the polyelectrolyte and enzyme, and not only a result of physical 
entrapment in the cell floc matrix. Enzyme loss was not likely due to pH denaturation during 
the flocculation process. The direct interaction between polyelectrolyte and enzyme was 
characterized through turbidimetric titrations and partitioning studies. Any reductions in 
enzyme loss at optimum flocculation for cell removal by changing the polymer feed 
concentration or the method of polymer addition were not discernable. 
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Keywords: polyelectrolyte flocculation, cell removal, enzyme purification, enzyme 
partitioning, fermentation, subtilisin 
INTRODUCTION 
Polyelectrolyte flocculation of bacterial cells is commonly used to facilitate their 
removal by filtration or centrifugation. Cell removal is essential to downstream processing 
for the recovery of proteins excreted into the fermentation broth, as a good cell removal step 
can make downstream processing and purification steps much simpler. Much research has 
been conducted studying the effects of processing conditions such as pH (Baran, 1988; 
Bautista et al., 1986; Hughes et al., 1990; Robinson et al., 1994), polymer charge density 
(Baran, 1988; Cumming et al., 1996; Eriksson, 1987; Hughes et al., 1990; Robinson et al., 
1994; Shan et al., 1996), polymer mixing (Cumming et al., 1996; Robinson et al., 1994), 
polymer molecular weight (Cumming et al., 1996; Eriksson, 1987; Walles, 1968), and 
presence of salts (Hughes et al., 1990; Hustedt and Theelen, 1989) on the flocculation 
behavior of cells in fermentation systems. 
Protein partitioning during solids (cell) removal from fermentation broth has been 
studied for a variety of systems. Bajpai et al. (1991) studied a-amylase recovery from 
fermentation broth when cell removal was facilitated by the addition of sodium alginate. 
Bautista et al. (1986) has studied the recovery of hyaluronate lyase activity after cell 
flocculation with flocculants and observed no losses at optimal flocculation. Bentham et al. 
(1990) and Bonnerj ea et al. (1988) studied protein recovery after yeast cell debris 
flocculation with borax followed by centrifugation and observed minimal loss to the solid 
floc. Sitkey et al., (1992) observed 90% protein recovery after cell flocculation with organic 
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flocculants, but studied only optimal pH. To our knowledge, a thorough study of the effect 
of polymer dosing conditions on protein partitioning has not been reported. 
Flocculation in the fermentation system under investigation in the current study 
occurs by the addition of a cationic polyelectrolyte to a Bacillus broth that has been stabilized 
by the addition of calcium. The polymer used is negligibly charged at pH 10 and becomes 
positively charged when the pH is decreased below 8.0. During the flocculation process, 
polymer at pH 10 is contacted with broth at pH S .6 resulting in a cell floc and clear 
supernatant with a final pH of approximately 7.0. Salt components in the broth, Cat+ in 
particular, could play a charge neutralization role during flocculation (Belter et al., 1988) and 
its concentration, as well as that of other broth components, is affected by the concentration 
at which polymer is added since the broth is diluted by polymer addition. Previous 
experiments have studied the polymer dosing requirement to obtain optimum flocculation 
(brain floc character) for cell removal via centrifugation (Bressler et al., manuscript). It ~~~as 
found that the total polymer requirement for flocculation could be decreased by over 50°jo i f 
the polymer was added continuously and if the calcium concentration was not diluted by the 
addition of polymer. This decrease in polymer requirement would result in an overall rave 
materials cost savings; however, since polymer costs are generally low, greater profit wi 11 
come from increasing protein yield. 
As in any purification process, separation during polyelectrolyte flocculation is not 
perfect, and some of the target enzyme is partitioned to both the solid and liquid phase. In 
this case, the goal of the flocculation is to aggregate the cells leaving the target enzyme in the 
supernatant. Flocculation has been shown to occur in this fermentation system via a bridging 
type flocculation mechanism (Bressler et al., manuscript). These polymer bridges could be 
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responsible for the enzyme loss with the solids either by physically trapping the enzyme in 
the cell floc matrix, or by a direct interaction with the enzyme during the flocculation 
process. Any increase in protein partitioning to the supernatant phase (and therefore a 
minimization of interaction with the cell-polymer floc) would result in increased enzyme 
yield. 
In this work, the effect of polymer concentration, polymer dosing method, and 
calcium concentration on flocculation and enzyme partitioning between the floc and 
supernatant were examined to determine their effects on protein yield from a Bacillus 
fermentation to produce the enzyme subtilisin. Experiments were conducted with a purified 
enzyme sample (in absence of cells and fermentation media) to examine the direct interaction 
between polymer and enzyme. A strategy was developed to maximize enzyme recovery 
during the flocculation process. 
MATERIALS AND METHODS 
Materials 
Fermentation broth Fermentation broth from a complex growth medium containing 
a soy, glucose and salts was kindly supplied by Genencor International, Inc. (Cedar Rapids, 
IA). The enzyme product is subtilisin, an extracellular protease of MW ca. 2.8 x 104 and 
isoelectric point 6.8, produced by a Bacillus strain. Samples, obtained at broth harvesting, 
were kept cold (4°C) and used within two days of harvest to eliminate effects due to broth 
aging. The pH of all broth samples was adjusted to 5.6 by addition of formic acid prior to 
flocculation. 
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Polyelectrolyte The polyelectrolyte (E 160, PolyDyne, Inc., Riceboro, GA) used in 
this flocculation study is a cationic polyacrylamide-based polymer containing a tertiary 
amine basic group. E 160 (MW ca. 6 x 106) was supplied in `neat' form, i.e. as a 6% solids 
concentration in water at pH 10. This polymer is negligibly charged at pH 10, and is 
increasingly cationic as the pH is decreased below 8.0 (see Table 4.1, as determined by 
titration with formic acid). 
Subtilisin Purified subtilisin mutant A (pI 6.8) was kindly supplied by Genencor 
International, Inc. (Palo Alto, CA), at a concentration of 60g/L in SOmM sodium acetate + 
l OmM calcium chloride (pH 5.6). Enzyme samples were stored frozen at —10°C prior to use, 
and adjusted to desired enzyme concentration and ionic strength as needed. 
Other Materials Substrate for subtilisin assays was suc-AAPF-pNA (Bachem 
Bioscience, King of Prussia, PA). WSR N-60K Polyox°  (MW 2 x 106, polyethylene oxide) 
was from Amerchol (Edison, NJ). Tween 80 and DMSO were purchased from Sigma 
Chemical Company (St. Louis, MO). All other chemicals used were purchased from Fisher 
Scientific (Itasca, IL). 
Table 4.1: Variation in charge characteristics of E 160 with pH 
E160 








Polymer Preparation All polymer solutions for use in flocculation experiments were 
prepared by dilution of the `neat' E 160 with deionized water to the desired concentration. 
Diluted polymer solutions were mixed for a minimum of 1 hour to ensure even distribution 
of the polymer. All polymer concentrations are reported as grams of `neat' polymer per liter 
of solution, and polymer dosages are reported as grams of `neat' polymer per liter of 
fermentation broth. Fermentation broth components are diluted by polymer addition during 
flocculation, but may play a role in the flocculation process, especially in the case of divalent 
salts such as calcium chloride. To eliminate the effect of calcium dilution, some of the 
flocculation experiments were conducted in which the calcium concentration of the polymer 
was adjusted by the addition of calcium chloride to a conductivity of 15000 µmhos/cm (to 
match the conductivity of the fermentation broth, approx. 0.1 M CaCl2). These results w~i i 1 be 
referred to as `high calcium concentration' flocculation experiments. No calcium chloride 
was added to the polymer for `low calcium concentration' experiments. 
Flocculation Flocculation was induced by the addition of cationic polyelectrolyte 
E160 (initial pH 10.0) to fermentation broth (initial pH 5.6) in SOmL centrifuge tubes (Cole 
Panner, Vernon Hills, IL) resulting in a final floc solution at pH 7.0 +/- 0.2. Flocculations 
were conducted on subtilisin mutant A fermentation broth with the polymer added at 
concentrations ranging from 25-75g/L by several polymer addition methods. Stepwise 
polymer addition was conducted by adding polymer in equal incremental amounts to 
fermentation broth. After each polymer addition, the centrifuge tube was capped and 
inverted repeatedly until flocculation was complete as judged by unchanging floc 
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consistency. In the case of 1 step polymer addition, this was approximately 25 tube 
inversions. For incremental addition (2 steps, 3 steps, etc.) approximately 10-1 S tube 
inversions were necessary after each polymer addition. Continuous flocculation was 
conducted by adding polymer drop-wise to fermentation broth while stirring continuously 
with a stir bar in a 30mL beaker. Polymer was added until the desired fl oc character was 
attained and the total amount of polymer added was recorded. 
Subtilisin Assay Subtilisin activity wa.s determined by following (A410, Ultrospec 
4000 UV/Vis Spectrophotometer, Pharmacia Biotech, Piscataway, NJ) the amide bond 
cleavage of p-nitroanaline fr om N-succinyl-L-Ala-L-Ala-L-Pro-L-Phe-p-nitroanilide (suc- 
AAPF-pNA) at pH 8.6 in a tris buffer. All reagents were prepared fresh and used within two 
days of preparation to avoid contamination by other proteins. Positive displacement pipettes 
(Labsystems Finnpipette PDP 0.5-25 µL, Helsinki, Finland) were used for all solution 
transfers. Flocculated broths were centrifuged at 3500 RPM for 15 minutes (Sorvall RCSb 
Refrigerated Superspeed Centrifuge, SA600 rotor, Dupont Instruments, Newton, CT) before 
assay of the supernatant. Subtilisin activity was calculated from linear regression of A410 
vs. time (Swift II version 1.04 soffware, Pharmacia Biotech). Assays were performed in 
duplicate for duplicate dilutions of each sample, and activity reported is the average of these 
four measurements. 
Enzyme pH Stability Purified subtilisin mutant A samples of various concentrations 
were held at specified pH values for 1 hour and then assayed for enzyme activity retained. 
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Insoluble Polymer/Protein Complexes Aggregation of E160 and purified subtilisin 
mutant A was monitored by turbidimetric titrations using a modification of Dubin et al. 
(1987) measuring the change in absorbance at 436nm. Solutions of subtilisin mutant A and 
E160 at varying initial pH (2.0-4.5) were titrated to pH 10 by dropwise addition of O.1M 
sodium hydroxide, measuring pH (Fisher Scientific, Itasca, IL) and A.436 (LTltrospec 4000 
UVNis Spectrophotometer, Pharmacia Biotech, Piscataway, NJ) after each addition. The 
procedure was then reversed with the solutions titrated back to the initial pH by addition of 
O.1M hydrochloric acid. 
Soluble Polymer/Protein Complexes Varying ratios of purified subtilisin mutant A 
and polymer at pH 7 were mixed by vortex for 30 seconds then centrifuged under conditions 
(12500 RPM, 30 minutes, 4°C; Marathon 16K:M, Fisher Scientific, Itasca, IL) sufficient to 
sediment the polymer. Polymers used were E 160 (cationic at pH 7.0) and WSR N-60K 
Polyox°  (uncharged polyethylene oxide). subtilisin activity of a sample taken from the very 
top of the supernatant was determined to calculate the amount not bound to the sedimented 
polymer. A centrifuged solution of subtilisin mutant A alone served a.s the control. 
RESULTS AND DISCUSSION 
Flocculation 
Qualitative floc description 
Qualitative descriptors for floc character are defined as follows. Brain flocs, 
considered optimal due to their complete removal via centrifugation, are compact, relatively 
dense cell masses with minimal small flocs or cells in the clear supernatant. This floc is not 
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easily disrupted as it is slightly rubbery or elastic and has an appearance resembling brain 
matter. Adding less polymer than required for achieving brain floc character (i.e. 
underdosing), results in flocs of two possible characters. "Pin flocs" are small pin-head or 
smaller size flocs in a cloudy supernatant; "string flocs" are long filamentous-type flocs in a 
cloudy supernatant. Overdosing polymer conditions result when polymer in excess of that 
required to produce a brain floc is added to the fermentation broth. At overdosing polymer 
conditions the broth remains cloudy and cells are not able to flocculate well resulting in 
"string flocs" similar to those seen at underdosing polymer conditions. These qualitative floc 
descriptors are subjective but commonly used. 
Enzyme Loss 
Effect of Polymer Dose During Flocculation on Enzyme Loss 
The effect of total polymer dosage (for polymer added in 1 batch step) on enzyme 
partitioning to the solid floc during flocculation for three batches of fermentation broth is 
shown in Figure 4.1. Enzyme is referred to as `lost' if it was partitioned to the solid phase 
and was not recovered after 4 washes of the cell floc with 100mM sodium acetate (pH 7.0). 
Loss is reported relative to the amount of enzyme present in an equivalent amount of 
unflocculated fermentation broth. In all cases, cell floc solids after centrifugation were 5 - 
6g, while total amount of supernatant varied depending on the total amount of polymer 
added. Visual construction of a smooth curve connecting the points makes clear the 
variability of enzyme loss. However, the data show that at polymer dosages less than that 
required to produce a brain floc (underdosing conditions), nearly all (loss less than 2%) of the 
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Figure 4.1: 
Amount of Polymer Added (g 'neat polymer/L broth) 
Effect of polymer dosage on enzyme loss during flocculation for 3 batches of 
subtilisin mutant A fermentation broth [1 step polymer addition, SOg/L E160; 
Each symbol represents a different batch; filled symbols were for the polymer 
dosage resulting in brain flocs] 
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dosage, approximately 5 % of the enzyme was unrecovered after the washing procedure. At 
overdosing polymer conditions, there was an increase in the amount of enzyme lost as the 
total amount of polymer added was increased. Since the cell floc solids are of the same mass 
and volume after centrifugation regardless of the total amount of polymer added, we can 
eliminate the possibility that the .increase in enzyme loss was due to increased amount 
entrapped in a larger amount of cell floc solids. This indicates that there was some direct 
interaction that occurred between the enzyme and polymer during the flocculation process 
that was responsible for the enzyme loss. The same behavior was observed regardless of the 
method by which polymer was added to the fermentation broth, as can be seen in Figure 4.2. 
These results indicate that polymer preferentially interacted with the cells until they 
had all been flocculated. Once the cells had been removed, excess polymer in the broth 
interacted with the enzyme resulting in enzyme loss. Two possible explanations for this loss 
are that the enzyme became physical entrapped in the cell floc structure. or there was a direct 
interaction between the enzyme and the polymer. Physical entrapment in the floc structure 
was examined by the experiments presented in Figures 4.1 and 4.2, and was likely not the 
cause of the excessive enzyme loss for reasons explained above, as increased enzyme loss 
was only observed when polymer was present in excess of that necessary for cell 
flocculation. It appears that the enzyme loss likely resulted from some direct interaction 
between the polymer and protein during the flocculation process. Further experimentation 
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180 
Figure 4.2: Effect of polymer dosage and dosing method on enzyme loss during 
flocculation [0, 1 step polymer addition (0 repeated from Figure 4.1); a, 2 step 
polymer addition, brain floc; 0, 3 step polymer addition; o, 4 step polymer 
addition; filled symbols were for the polymer dosage corresponding to brain 
floc polymer dosage for each addition method] 
pH Stability of Subtilisin Mutant A 
Proteins such as enzymes are generally only stable in a very limited pH range. 
Exposure to pH conditions outside of this range can result in denaturation of the enzyme, 
which would show up as enzyme loss in these experiments. A purified solution of subtilisin 
mutant A was exposed to varying pH conditions for a period of 1 hour, and the effect of this 
exposure on enzyme stability is shown in Figure 4.3. Losses in enzyme activity (relative to a 
sample at pH 5.6 which is the stable storage pH of the enzyme) occurred at pH < 5.0 and pH 
> 11.0. This result was the same regardless of the enzyme concentration of the sample. 
During the flocculation process, pH varies from 5.8 —10.0 (initial broth pH of 5.8 
contacted with polymer of maximum pH 10), and enzyme is not exposed to pH conditions 
outside of this pH range. Since no enzyme denaturation was seen in the pH range of 
flocculation, this was eliminated as a potential cause of enzyme loss. 
Turbidimetric Titrations 
Results from turbidity experiments with five different polymer to enzyme ratios 
exposed to an initial denaturing pH of 2.0 are shown in Figure 4.4. Other protein to polymer 
ratios ranging from 0.005-0.1 g polymer/g enzyme were also investigated and resulted in 
similar titration curves, but are not included here for clarity of the figure. The pH was 
increased in increments from 2.0 to 10.0, and then decreased from 10.0 to 2.0, with all results 
shown in the figure. For increasing pH, results are shown from pH 2.0-7.0 (at pH 7.0 the 
turbidity began to decrease), and for decreasing pH, results are shown from pH 10.0-7.0, (at 
pH 7.0, the turbidity began to decrease). Subtilisin mutant A and E 160 samples were titrated 



















Figure 4.3 : Effect of pH exposure on denaturation of subtilisin mutant A [ 1 hour 
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Figure 4.4: Effect of pH from initial value of 2.0 — 10.0 on absorbance at 436nm to 
monitor complexation behavior of enzyme and polymer for various 
enzyme/polymer ratios [Plots for increasing and decreasing pH both appear 
here;; ~, 0.0083 gpolymer/g enzyme; o, 0.011 gpolymer/g enzyme; x, O.OI 67 
g polymer/g enzyme; *, 0.033 gpolymer/g enzyme; 0, 0.05 g polymerlg 
enzyme] 
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shown). The observed turbidity from pH 6.8 to 8.0 shows the complexation and resulting 
aggregation between the enzyme and polymer. Aggregation occurred in the pH range where 
subtilisin mutant A (pI 6.8) and E160 (cationic below pH 8.0) are oppositely charged. The 
turbidity evolved into a white precipitate in the pH range of 6.8-8.0 that settled rapidly when 
the solution was allowed to stand. 
For the above experiments (titration ofenzyme-polymer solutions adjusted to pH 
values ranging from 2.0-5.5), enzyme activity was measured after titration with base to pH 
10.0. Enzyme loss at this point was calculated relative to the initial solution of purified 
subtilisin mutant A at pH 5.6. This enzyme loss was compared to enzyme loss resulting 
from pH exposure (Table 4.2), and in both cases, there was greater loss of activity at lower 
pH. Hence the extent of insoluble complex formation reflected the amount of inactive 
enzyme present 
In contrast, visible aggregation did not occur if low pH exposure was avoided prior to 
titration, as is shown in Figure 4.5. Titration experiments were conducted starting with 
varying higher initial pH. Results in Figure 4.5 show that no measurable complexation 
occurred unless the pH was decreased to at least 3.0 prior to making absorbance 
measurements. As the pH was further decreased, the observable change in absorbance 
increased. 
Soluble Complex Formation 
The enzyme loss of Figure 4.6 shows that there was binding of subtilisin mutant A to 
E 160, as evidenced by the partitioning of subtilisin mutant A to the sedimented polymer 
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Figure 4.5: Effect of increasing pH from varying initial value on absorbance at 43f~nm to 
monitor complexation behavior of enzyme and polymer for 0.05 g polymer~`g 
enzyme [x, initial pH 4.5; *, initial pH 3.5; o, initial pH 3.0; O, initial pH ?.5; 
0, initial pH 2.0] 
69 
Table 4.2: Comparison of enzyme loss during complexation studies to enzyme loss due to 






























the non-denaturing flocculation pH (7.0). Enzyme loss here is reported as the reduction in 
enzyme concentration in the supernatant after centrifugation relative to the initial enzyme 
concentration. It should be noted that any polymer present in these experiments is 
representative of excess polymer during flocculation. A low protein to polymer ratio (more 
polymer than protein) would be representative of a lazge excess of polymer while a high 
protein to polymer ratio is closer to the optimum flocculation conditions. While these high 
centrifugation speeds are not used for floc separation, the excess polymer would likely bind 
both enzyme and cells and, hence, sediment with the flocs. 
Two control experiments were run in conjunction with these centrifugation 
experiments. The first was with purified subtilisin mutant A only (no polymer present, 
results not shown here). Pure enzyme was not sedimented at these speeds (enzyme loss after 
centrifugation <1 %). A second control experiment was conducted with varying ratios of an
uncharged polymer, polyethylene oxide. Due to the high molecular weight of this polymer 
(MW 2 x 106), it was sedimented at the high speeds used in these experiments. There was no 
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Figure 4.6: Effect of presence of polymer on enzyme loss during high-speed 
centrifugation [2g/L subtilisin mutant A with varying polymer concentration, 
pH 7.0; Each open symbol represents a separate trial with E160; •, 
Polyethylene oxide control] 
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that the enzyme loss observed with sedimentation of E 160 during was due to a charge 
interaction between the E 160 and protein, and not due to entrapment by sedimenting 
polymer. 
Minimization of enzyme loss 
Since substantial enzyme loss occurred in the presence of excess polymer during the 
flocculation process, a simple method of minimizing enzyme loss would be to avoid 
overdosing polymer conditions by adding only enough polymer to obtain brain flocs, which 
can be obtained by a variety of combinations of polymer concentrations, dosages, and 
calcium concentrations (Bressler et al., manuscript). Whether these conditions have 
additional influence on enzyme loss when excess polymer is not added was addressed using a 
factorial design based on polymer dosage at the brain floc level. The effect of three poly~tticr 
concentrations (25g/L, SOg/L and 75g/L), three dosing methods (1 step addition, 3 step 
addition, and 1mL incremental addition to approximate continuous addition), and two 
calcium concentrations (low and high as described in the polymer preparation paragraph in 
the methods section of this paper) were examined. Results for experiments conducted with 
four batches of broth (to assess the impact of broth variability) are shown in Table 4.3 (the 
polymer dosage requirements for these flocculations can be found in Bressler et al., 
manuscript). 
Statistical analysis was conducted using JMP software, and results are presented in 
Table 4.4. Broth batch (p = 0.0037) was found to have the most significant impact on the 
enzyme loss at brain floc conditions and its effect depended on the method of addition. Broth 
variability arises from a variety of sources including differences in the biomass 
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Table 4.3: Factorial design results for enzyme loss [Enzyme loss at brain floc polymer 
dosage for various polymer dosing methods, concentrations and calcium concentrations for 4 
batches of fermentation broth] 
Pbly~ 
Dosing Cona ona Calaum Arrnunt of E~r~nre l.~ost (%) 
Method giL Conoentrationb Brotrt Batch 1 Broth Bauch 2 Broth Batch 3 Brant Batch 4 
1 rri_ Ina~errtertts 25 hic~t 15.9 19.5 12.783 1.5 
1 rrl. Ir~cremertts 50 high 18 11.4 1.945 5.01 
1 mL Increrr~ertts 75 high 9.53 2.18 6.473 6.04 
1 rrL Ina~errtrrtts 25 law 19.4 15.9 5.98 11.7 
1 mL Irtcremertts 50 Iow 17.3 10.88 5.33 8.46 
1 rri.Irtcrerrtertts 75 law 12.3 17.26 9.92,9 1.6 
3 steps 25 high 7.44 16.5 7.564 5.86 
3 steps 50 f~gh 3.88 18.7 16.39 3.82 
3 steps 75 high 2.07 10.9 9.578 17.7 
3 steps 25 law 11.7 18.4 7.999 6.9 
3 steps 50 law 10.9 15.8 12.21 6.23 
3 steps 75 law 2.67 12.06 8.989 2.25 
1 step 25 high 7.19 2.16 5.89 6.5 
1 step 50 high 3.3 2.42 8.169 3.43 
1 step 75 high 2.9 19.12 7.43 12.07 
1 step 25 Iow 17.4 15.73 9.34 6.5 
1 step 50 law 17.4 11.56 4.293 6.97 
1 step 75 law 17.2 0 11.288 6.34 
a. At which pdyrr~er is a~rkied 
b. L~anr = no caldum added; Figh = apprax. 0.1 M Cad 
Table 4.4: Analysis of variance of flocculation variables on enzyme loss at optimal brain floc 
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concentration, as well a.s variability in the amount of extracellular compounds produced by 
the organisms. However, all four broths were standard production batches. Calcium 
concentration may have a slight effect on enzyme loss at brain floc conditions (p = 0.1086) 
but no conclusion can be made from this data. For these experiments, the average enzyme 
loss from all experiments was 9.54%. The estimated experimental error, assuming no third 
order interaction effects was 4.66% (results from the statistical analysis, JMP output 
included in the Appendix). With an error that is 48.8% of the mean response, it is possible 
that other effects were masked. 
CONCLUSIONS 
Enzyme loss during polyelectrolyte flocculation increased substantially once the total 
amount of polymer added to fermentation broth was in excess of that necessary to produce 
the brain flocs. The results indicated that during the flocculation process, the polymer was 
initially consumed preferentially by the cells in forming flocs, with only a very small (2-4%) 
degree of interaction between the enzyme and polymer. When polymer was added in 
overdosing amounts (i.e. all cells removed from the broth to form a brain floc), excess 
polymer was available in the broth which resulted in further interaction between the enzyme 
and polymer.- This resulted in the formation of soluble aggregates due to a charge interaction 
between the enzyme and polymer that was sedimented with the flocs (excess polymer in 
broth is at least partially associated with the cell floc a.s well as with the enzyme). 
Denaturation of the enzyme resulted in the formation Of insoluble precipitate-type complexes 
of enzyme and polymer, but this did not occur under the given flocculation conditions. 
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To maximize enzyme yield during the flocculation process, it is suggested to 
carefully monitor the polymer dosage, adding only enough polymer to form brain flocs. 
These flocs will result in optimal cell removal as well as optimal enzyme yield. ~►~hile there 
may be process condition effects obscured by the variability in enzyme loss, the prominent 
result i~s that- whatever the conditions- polymer addition in excess of that to achieve a brain 
floc is to be avoided. 
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CHAPTER 5. GENERAL CONCLUSIONS 
GENEP:AL DISCUSSION 
This research has shown that there is a distinct value of zeta potential that is obtained 
at optimum polymer dosage regardless of the method by which the optimal floc character for 
removal via centrifugation ("brain floc") is obtained. It ha.s also been shown that if polymer 
is added in excess of the amount required to obtain a brain floc, there is increasing loss of 
enzyme during flocculation as the polymer dosage is increased. Zeta potential measurement 
of a floc sample could be used to determine when optimum flocculation has been achieved 
(based on a zeta potential of -21.3 mV for subtilisin mutant A fermentation broth for 
example), or if the system is overdosed or underdosed. By adjusting the polymer dosage to 
result in a zeta potential value characteristic of optimum floc character, the enzyme loss 
could be minimized. Polymer dosage concentration, polymer dosing method, and calcium 
concentration were all found to influence the flocculation behavior through changing the 
polymer dose requirement for optimal flocculation. While there maybe process conditions 
that effect enzyme yield at optimal flocculation, these effects could not be discerned. 
This research has been an attempt to better understand the flocculation process that 
occurs by polyelectrolyte addition to fermentation broth. The effects of polymer addition on 
both flocculation behavior and enzyme loss have been studied. The overall conclusions of 
this work are summarized below: 
1. The polymer dosage requirement to obtain optimum flocculation behavior is 
significantly decreased if polymer is added in incremental or continuous fashion 
rather than in one batch addition. 
~~ 
2. Due to the wide variation in polymer requirement for flocculation when broth and 
polymer addition method changes., measurement of total polymer dosage alone is 
not a sufficient method to predict formation of a brain floc. 
3. The zeta potential of a brain floc is independent of the total amount of polymer 
required, the concentration at which the polymer is added, the method by which the 
polymer is added, and fermentation batch. However, the magnitude of this value 
varies with broth type. Zeta potential measurement is a direct indication of the 
degree of flocculation, or floc character, and could be used to predict flocculation 
performance. 
4. During the flocculation process, the polymer first preferentially binds the cells into 
a floc, up to optimum or brain floc conditions with minimal enzyme loss. Once the 
cells have been removed or gathered into a brain floc, any excess polymer in the 
system is free to interact with the enzyme. Increasing excess polymer results in 
increasing enzyme loss. 
5. subtilisin mutant A is rapidly denatured below a pH of 5.5 or above a pH of 10.5, 
and is denatured completely by exposure to pH 2.0 for one hour. Enzyme loss 
during flocculation is not likely due to denaturation by pH exposure since the 
enzyme is not exposed to these denaturing pH conditions. 
6. Denatured subtilisin mutant A and E 160 form an insoluble complex that can be 
observed by measuring the turbidity. If the enzyme is not denatured, polymer-
enzyme interaction is not observable by absorbance measurement. 
7. When subtilisin mutant A and E 160 are combined at the non-denaturing 
flocculation pH (7.0), subtilisin mutant A partitions to the sedimented polymer 
~g 
during centrifugation presumably due to a charge interaction between the two 
components. while the high centrifugation speeds at which these experiments were 
conducted are not typically used for floc separation, the excess polymer would 
likely bind both enzyme and cells and, hence, sediment the enzyme with the flocs 
during the flocculation process. 
8. The addition of calcium chloride to E 160 prior to flocculation decreased the amount 
of polymer necessary to attain optimum floc character. It is likely that the calcium 
chloride has a flocculating effect on the cells and assists in flocculation, therefore 
.decreasing the polymer requirement. 
9. An analysis of flocculation experiments with constant calcium chloride 
concentration showed that polymer dosing concentration affected the polymer 
requirement to obtain a brain floc. Polymer added in more dilute form required less 
total polymer to obtain a brain floc, likely due to a more even distribution of the 
polymer throughout the fermentation broth. 
10. Enzyme loss to the cell floc can be minimized by adding polymer only in an amount 
sufficient to make a brain floc. Further effects of processing conditions on enzyme 
loss could not be discerned. 
Based on the results of this research, it is likely that measurement of the zeta potential 
of a floc sample could be used to determine if the system is optimally flocculated (based on a 
zeta potential value of —21.3 mV for subtilisin mutant ~ fermentation broth), or if the system 
is overdosed or underdosed. By then adjusting the polymer dosage to result in a zeta 
potential value characteristic of optimum floc character, the enzyme loss could be minimized. 
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RECOMMENDATIONS FOR FUTURE WORK 
The following is a list of suggestions for further investigation of the quantification of 
flocculation based on floc character and the study of enzyme loss during flocculation. 
1. A study of various fermentation broths and their characteristics (including broth 
compositions and bacterial strains) to determine the cause of the differences in 
flocculation behavior and enzyme partitioning during flocculation should be 
conducted. In particular, the differences in zeta potential measurement at optimum 
flocculation conditions should be studied. 
2. A complementary quantitative method to describe floc character should be 
examined, for example a measure of physical strength such as gel strength or bloom 
strength, and correlated to results for zeta potential. This would entirely eliminate 
the need for subjective descriptors such as brain floc and pin floc, allowing for a 
completely quantitative characterization of flocculation. 
3. A complete study of the effect of monovalent and/or divalent salts (concentration 
and composition) on cell flocculation and enzyme loss should be conducted. 
4. A method should be developed that eliminates or reverses the interaction of enzyme 
and polymer that occurs during flocculation. 
5. Experiments should be conducted to assess the feasibility of using zeta potential to 




STATISTICAL ANALYSIS- JMP output for analysis of variance of polymer 
requirements for optimal cell flocculation (Table 3.3) 
Response Polymer Dosing Requirement 
Actual by Predicted Plot 
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Polymer Dosing Requirement Predicted 
P<.0001 RSq=0.97 RMSE=6.7093 
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Summary of Fit 
RSquare 0.969871 
RSquare Adj 0.94652 
Root Mean Square Error 6.709336 
Mean of Response 64.58333 
Observations (or Sum Wgts) 72 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 31 57961.892 1869.74 41.5357 
Error 40 1800.608 45.02 Prob > F 
C. Total 71 59762.500 <.0001 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>~t~ 
Intercept 64.583333 0.790703 81.68 <.0001 
Broth Batch[1] 4.7916667 1.369537 3.50 0.0012 
Broth Batch[2] -1.388889 1.369537 -1.01 0.3166 
Broth Batch[3] -9.166667 1.369537 -6.69 <.0001 
Dosing Method[1 step] 23.802083 1.118223 21.29 <.0001 
Dosing Method[1mL Increments] -19.21875 1.118223 -17.19 <.0001 
Polymer Concentration[25] -1.197917 1.118223 -1.07 0.2905 
Polymer Concentration[50] -0.625 1.118223 -0.56 0.5793 
Calcium Concentration[high] -19.02778 0.790703 -24.06 <.0001 
Broth Batch[1]*Dosing Method[1 step] 1.1979167 1.936819 0.62 0.5398 
Broth Batch[1]'Dosing Method[1mL Increments] -1.822917 1.936819 -0.94 0.3523 
Broth Batch[2J*Dosing Method[1 step] 1.3368056 1.936819 0.69 0.4940 
Broth Batch[2]"Dosing Method[1 mL Increments] -0.225694 1.936819 -0.12 0.9078 
Broth Batch[3]"Dosing Method[1 step] -3.385417 1.936819 -1.75 0.0881 
Broth Batch[3]*Dosing Method[1 mL Increments] 4.6354167 1.936819 2.39 0.0215 
Broth Batch[1]*Polymer Concentration[25] -1.09375 1.936819 -0.56 0.5754 
Broth Batch[1]*Polymer Concentration[50] 0.4166667 1.936819 0.22 0.8308 
Broth Batch[2]*Polymer Concentration[25] -0.329861 1.936819 -0.17 0.8656 
Broth Batch[2]*Polymer Concentration[50] 1.5972222 1.936819 0.82 0.4145 
Broth Batch[3]*Polymer Concentration[25] 1.8229167 1.936819 0.94 0.3523 
Broth Batch[3]*Polymer Concentration[50] -3.958333 1.936819 -2.04 0.0476 
Broth Batch[1]*Calcium Concentration(high] -0.625 1.369537 -0.46 0.6506 
Broth Batch[2]*Calcium Concentration[high] 0.5555556 1.369537 0.41 0.6872 
Broth Batch[3]*Calcium Concentration[high] 3.1944444 1.369537 2.33 0.0248 
Dosing Method[1 step]*Polymer Concentration[25] 2.5 1.581406 1.58 0.1218 
Dosing Method[1 step]*Polymer Concentration[50] -0.885417 1.581406 -0.56 0.5787 
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Term 
Dosing Method[1 mL Increments]*Polymer Concentration[25] 
Dosing Method[1 mL Increments]*Polymer Concentration[50] 
Dosing Method[1 step]*Calcium Concentration[high] 
Dosing Method[1 mL Increments]*Calcium Concentration[high] 
Polymer Concentration[25]*Calaum Concentration[high] 







Broth Batch*Dosing Method 
Broth Batch*Polymer Concentration 
Broth Batch*Calcium Concentration 
Dosing Method*Polymer Concentration 
Dosing Method*Calcium Concentration 












Estimate Std Error t Ratio Prob>~t~ 
-1.041667 1.581406 -0.66 0.5139 
0.8854167 1.581406 0.56 0.5787 
-10.81597 1.118223 -9.67 <.0001 
9.6006944 1.118223 8.59 <.0001 
-2.065972 1.118223 -1.85 0.0721 
1.3194444 1.118223 1.18 0.2450 























STATISTICAL ANALYSIS- JMP output for analysis of variance of polymer 
requirements for optimal cell flocculation with high calcium concentration polymer 
('Table 3.5) 
Response Polymer Dosing Requirement 













i ~ i > > ~ i 
35 40 45 50 55 60 65 70 
Polymer Dosing Requirement Predicted 
P=0.0001 RSq=0.95 RMSE=4.4763 
Summary of Fit 
RSquare 0.948685 
RSquare Adj 0.85033 
Root Mean Square Error 4.47634 
Mean of Response 45.55556 
Observations (or Sum Wgts) 36 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 23 4445.3125 193.274 9.6456 
Error 12 240.4514 20.038 Prob > F 
C. Total 35 4685.7639 0.0001 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>~t~ 
Intercept 45.555556 0.746057 61.06 <.0001 
Broth Batch[1] 4.1666667 1.292208 3.22 0.0073 
Broth Batch[2] -0.833333 1.292208 -0.64 0.5311 
Broth Batch[3] -5.972222 1.292208 -4.62 0.0006 
Dosing Method[1 step] 12.986111 1.055083 12.31 <.0001 
Dosing Method[1 mL Increments] -9.618056 1.055083 -9.12 <.0001 
Polymer Concentration[25] -3.263889 1.055083 -3.09 0.0093 
Polymer Concentration[50] 0.6944444 1.055083 0.66 0.5228 
Broth Batch[1]*Dosing Method[1 step] 1.4583333 1.827458 0.80 0.4404 
Broth Batch[1]*Dosing Method[1mL Increments] -0.104167 1.827458 -0.06 0.9555 
Broth Batch[2]*Dosing Method[1 step] 2.2916667 1.827458 1.25 0.2337 
Broth Batch[2]*Dosing Method[1 mL Increments] -1.770833 1.827458 -0.97 0.3517 
Broth Batch[3]*Dosing Method[1 step] -6.736111 1.827458 -3.69 0.0031 
Broth Batch[3]*Dosing Method[1 mL Increments] 5.0347222 1.827458 2.76 0.0174 
Broth Batch[1]*Polymer Concentration[25] 0.2083333 1.827458 0.11 0.9111 
Broth Batch[1]*Polymer Concentration[50] -0.416667 1.827458 -0.23 0.8235 
Broth Batch[2]*Polymer Concentration[25] 0.2083333 1.827458 0.11 0.9111 
Broth Batch[2]*Polymer Concentration[50] -0.416667 1.827458 -0.23 0.8235 
Broth Batch[3]*Polymer Concentration[25] 0.3472222 1.827458 0.19 0.8525 
Broth Batch[3]*Polymer Concentration[50] -1.944444 1.827458 -1.06 0.3083 
Dosing Method[1 step]*Polymer Concentration[25] -0.902778 1.492113 -0.61 0.5564 
Dosing Method(1 step]*Polymer Concentration[50] 2.0138889 1.492113 1.35 0.2020 
Dosing Method[1mL Increments]*Polymer Concentration[25] 0.4513889 1.492113 0.30 0.7674 
Dosing Method[1mL Increments]*Polymer Concentration[50] -0.381944 1.492113 -0.26 0.8023 
84 
Effect Tests . 
Source Nparm DF Sum of Squares F Ratio Prob > F 
Broth Batch 3 3 546.1806 9.0859 0.0021 
Dosing Method 2 2 3269.8785 81.5935 <.0001 
Polymer Concentration ~ 2 2 212.8472 5.3112 0.0223 
Broth Batch*Dosing Method 6 6 315.5382 2.6245 0.0731 
Broth Batch*Polymer Concentration 6 6 57.9861 0.4823 0.8093 
Dosing Method*Polymer Concentration 4 4 42.8819 0.5350 0.7128 
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STATISTICAL ANALYSIS- JMP output for analysis of variance of flocculation 
variables on enzyme loss at optimal brain floc polymer dosing conditions (Table 4.4) 
Response Enzyme Loss (%) 
Actual by Predicted Plot 
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Enzyme Loss (%) Predicted P=0.0226 
RSq=0.60 RMSE=4.6591 
Summary of Fit 
RSquare 0.603416 
RSquare Adj 0.296064 
Root Mean Square Error 4.659134 
Mean of Response 9.547083 
Observations (or Sum Wgts) 72 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 31 1321.1522 42.6178 1.9633 
Error 40 868.3011 21.7075 Prob > F 
C. Total 71 2189.4532 0.0226 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>~t~ 
Intercept 9.5470833 0.549084 17.39 <.0001 
Broth Batch[1] 1.3684722 0.951042 1.44 0.1580 
Broth Batch[2] 2.7006944 0.951042 2.84 0.0071 
Broth Batch[3) -1.126528 0.951042 -1.18 0.2432 
Dosing Method[1 step] -1.0225 0.776522 -1.32 0.1954 
Dosing Method[1mL Increments] 0.7158333 0.776522 0.92 0.3621 
Polymer Concentration[25] 1.109 0.776522 1.43 0.1610 
Polymer Concentration[50] -0.222625 0.776522 -0.29 0.7758 
Calcium Concentration[high] -0.901194 0.549084 -1.64 0.1086 
Broth Batch[1]*Dosing Method[1 step] 1.0052778 1.344976 0.75 0.4592 
Broth Batch[1]*Dosing Method[1 mL Increments] 3.7736111 1.344976 2.81 0.0077 
Broth Batch[2]*Dosing Method[1 step] -2.728611 1.344976 -2.03 0.0492 
Broth Batch[Z]*Dosing Method[1 mL Increments] -0.110278 1.344976 -0.08 0.9351 
Broth Batch[3]*Dosing Method[1 step] 0.3369444 1.344976 0.25 0.8035 
Broth Batch[3]*Dosing Method[1 mL Increments] -2.061389 1.344976 -1.53 0.1332 
Broth Batch[1]*Polymer Concentration[25] 1.1471111 1.344976 0.85 0.3988 
Broth Batch[1]*Polymer Concentration[50] 1.1037361 1.344976 0.82 0.4167 
Broth Batch[2J"Polymer Concentration[25] 1.3415556 1.344976 1.00 0.3245 
Broth Batch[2]*Polymer Concentration[50] -0.233486 1.344976 -0.17 0.8631 
Broth Batch[3]"Polymer Concentration[25] -1.268556 1.344976 -0.94 0.3513 
Broth Batch[3]*Polymer Concentration[50] -0.141764 1.344976 -0.11 0.9166 
Broth Batch[1]*Calcium Concentration[high] -2.21325 0.951042 -2.33 0.0251 
Broth Batch[2]*Calcium Concentration[high] 0.0845278 0.951042 0.09 0.9296 
Broth Batch[3]*Calcium Concentration[high] 0.9508611 0.951042 1.00 0.3234 
Dosing Method[1 step]*Polymer Concentration[25] -0.794833 1.098168 -0.72 0.4734 
Dosing Method[1 step]"Polymer Concentration[50] -1.110458 1.098168 -1.01 0.3180 
86 
Term 
Dosing Method[1 mL Increments]*Polymer Concentration[25] 
Dosing Method[1 mL Increments]*Polymer Concentration[50] 
Dosing Method[1 step]*Calcium Concentration[high] 
Dosing Method[1 mL Increments]"Calcium Concentration[high] 
Polymer Concentration[25]*Calaum Concentration[high] 







Broth Batch"Dosing Method 
Broth Batch*Polymer Concentration 
Broth Batch*Calcium Concentration 
Dosing Method*Polymer Concentration 
Dosing Method*Calcium Concentration 












Estimate Std Error t Ratio Prob>~t~ 
1.4622083 1.098168 1.33 0.1906 
-0.249667 1.098168 -0.23 0.8213 
-0.908472 0.776522 -1.17 0.2490 
-0.172472 0.776522 -0.22 0.8254 
-0.688472 0.776522 -0.89 0.3806 
-0.384597 0.776522 -0.50 0.6231 
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